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ABSTRACT
Previously unknown asteroid P/2010 A2 rose to prominence in 2010 by form-
ing a transient, comet-like tail consisting of ejected dust. The observed dust
production was interpreted as either the result of a hypervelocity impact with
a smaller body or of a rotational disruption. We have re-observed this object,
finding that large particles remain a full orbital period after the initial outburst.
In the intervening years, particles smaller than ∼3 mm in radius have been dis-
persed by radiation pressure, leaving only larger particles in the trail. Since the
total mass is dominated by the largest particles, the radiation pressure filtering
allows us to obtain a more reliable estimate of the debris mass than was pre-
viously possible. We find that the mass contained in the debris is ∼5×108 kg
(assumed density 3000 kg m−3), the ratio of the total debris mass to the nucleus
mass is ∼0.1 and that events like P/2010 A2 contribute <3% to the Zodiacal
dust production rate. Physical properties of the nucleus and debris are also
determined.
Subject headings: minor planets, asteroids: general
1The data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific
partnership among the California Institute of Technology, the University of California and the National
Aeronautics and Space Administration. The Observatory was made possible by the generous financial
support of the W.M. Keck Foundation.
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1. Introduction
Object P/2010 A2 was first reported as a short-period comet in data taken UT 2010
January 6 (Kadota et al. 2010). However, the orbit is that of a main-belt asteroid (semi-
major axis 2.290 AU, eccentricity 0.124 and inclination 5.3◦ and Tisserand parameter with
respect to Jupiter TJ = 3.582), leading to its classification as an active asteroid (equivalently,
a “main-belt comet”; Hsieh and Jewitt 2006, Jewitt 2012). Hubble Space Telescope images
taken from 2010 January 25 to May 29, inclusive, show a structured, parallel-sided dust
tail that is detached from a ∼120 m diameter parent nucleus (Jewitt et al. 2010). Dynam-
ical models taking into account both solar gravity and radiation pressure reveal that mass
was impulsively ejected from the parent in 2009 March, consistent with an origin through
hypervelocity impact or through mass-shedding as a result of rotational instability (Jewitt
et al. 2010). Independent studies support both the impulsive nature and the timing of the
ejection from P/2010 A2 (Snodgrass et al. 2010, Hainaut et al. 2012, Kleyna et al. 2012, but
see Moreno et al. 2010). Pre-discovery observations from as early as UT 2009 November 22
were subsequently identified (Jewitt et al. 2011). P/2010 A2 went undetected for its first 8
months as a result of its small solar elongation and incomplete coverage of the night sky by
on-going sky surveys.
Here, we report new observations of the nucleus and dust taken on UT 2012 October
14, a full orbit after the inferred date of initial activity.
2. Observations
We used the 10-meter diameter Keck I telescope located atop Mauna Kea, Hawaii.
Images were secured using the Low Resolution Imaging Spectrometer (LRIS) camera (Oke
et al. 1995). The LRIS camera has two channels housing red and blue optimized charge-
coupled devices and separated by a dichroic filter (we used the “460” dichroic, which has
50% transmission at 4875A˚). On the blue side we used a broadband B filter (center wave-
length λc = 4369A˚, full width at half maximum (FWHM) ∆λ = 880A˚) and on the red side
an R filter (λc = 6417A˚, ∆λ = 1185A˚). All observations used the facility atmospheric dis-
persion compensator to correct for differential refraction, and the telescope was tracked at
non-sidereal rates while autoguiding on fixed stars. The image scale on both cameras was
0.135′′ pixel−1 and the useful field of view approximately 320′′×440′′. Atmospheric seeing
was about 1.0′′ FWHM and the sky above Mauna Kea was photometric.
The heliocentric and geocentric distances were 2.190 AU and 1.203 AU, respectively,
and the phase angle 5.1◦. P/2010 A2 was identified at the telescope by its motion and by
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its distinctive morphology. We secured nine images simultaneously in the B and R filters,
with exposures of 660 s and 600 s, respectively. At the time of observation, the non-sidereal
rates of the target were 38′′ hr−1 W and 13′′ hr−1 S, so that field stars and galaxies trailed
in individual images by about 7′′. Photometric calibration was secured through observations
of standard stars from Landolt (1992).
3. Discussion
The appearance of P/2010 A2 is shown in Figure 1. A point-like object, presumed to
be nucleus “N” from Jewitt et al. (2010), appears embedded in a long, thin debris trail of
FWHM 3.0±0.2′′(2600±180 km), with extensions to the edge of the field of view both to
the east and the west of the nucleus. Close inspection shows that “N” is located near the
northern edge of the debris trail, consistent with the southerly (-3.8◦) latitude of the Earth
relative to the orbit plane at the time of observation. None of the filamentary “X”-shaped
trail structures observed in 2010 are apparent in the Keck data.
3.1. Nucleus Photometry
Subtraction of light from the near-nucleus dust trail limits the accuracy of nucleus
photometry. Fortunately, the trail surface brightness is well-behaved near the nucleus, al-
lowing useful results to be obtained. Following experimentation with different methods,
we measured the nucleus using a 1.0′′ radius circular aperture with background subtraction
determined from the median signal in a contiguous annulus 1.3′′ in outer radius. Other
methods of background subtraction gave comparable results. The resulting apparent mag-
nitudes are listed in Table (1). Estimated absolute uncertainties on the nucleus photometry
are ∼0.1 mag. (in bother filters), which is small compared to the uncertainty introduced on
the absolute magnitude by the unknown phase function correction.
A direct measure of the nucleus color is obtained by comparing the simultaneous R and
B filter photometry. We find B-R = 1.36±0.04, which is slightly redder than the Sun (for
which B-R = 0.99, Hardorp 1982, Hartmann et al. 1990). The quoted uncertainty on B-R
is the standard error from measurements of 8 images (we rejected one image in each filter
because of overlap with a field star). From examination of the data, we believe that the
color could be larger or smaller by ∼0.1 mag. as a result of systematic errors, but we are
confident that the nucleus is significantly redder than sunlight.
Next, the apparent magnitudes were converted to absolute magnitudes (i.e. scaled to
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unit heliocentric, geocentric distances and at 0◦ phase angle) using
HR = mR − 5 log10 (Rau∆au) + 2.5 log10(Φ(α)) (1)
in which Rau and ∆au are the heliocentric and geocentric distances, respectively, both ex-
pressed in AU, and Φ(α) is the ratio of the brightness at phase angle α to that at phase
angle 0◦. We employed the HG formalism (Bowell et al. 1989) with scattering parameter g
= 0.25, as appropriate for an S-type asteroid, consistent with the measured B-R color. With
these assumptions, 2.5log10(Φ(5.1
◦)) = -0.37 mag., and the total correction from apparent to
absolute magnitudes is mR −HR = 2.47 mag. by Equation (1). The correction is uncertain
by several ×0.1 mag. because we do not know the nucleus phase function.
We find HR = 21.41±0.03 (only the statistical uncertainty is quoted) whereas HV =
22.00±0.07 (standard error on the mean of 8 measurements) was reported by Jewitt et
al. (2010). The difference, HV -HR = 0.59±0.08 is again redder than the solar color (mV−mR
= 0.35 in the Kron-Cousins system), but may be affected by differences in the near-nucleus
dust environment between 2010 and 2012.
The absolute magnitudes are related to the cross-section and albedo by
C = 2.24× 1022pip−1R 100.4(m(R)−HR) (2)
in which m(R) = -27.11 is the apparent red magnitude of the Sun and pR is the geometric
albedo, which we assume to be 0.15 following Jewitt et al. 2010. (Equation (2) is given for
R filter photometry; the equivalent relation for the B filter has m(B) = -26.12).
The resulting nucleus cross-section is Cn = 0.019 km
2, corresponding to an equal-area
circle of radius rn = (Cn/pi)
1/2 = 78 m. The statistical errors on Cn and rn are meaning-
lessly small (±3% and ±1.5%, respectively) compared to the uncertainty introduced by the
unknown albedo. The latter is perhaps ±50%, translating to a ±25% uncertainty on the
nucleus radius, or rn = 78±20 m, which we take as our best estimate. With assumed density
ρ = 3000 kg m−3 and a spherical shape, the nucleus mass is 3×109 kg ≤ Mn ≤ 11×109 kg
and the gravitational escape velocity (neglecting rotation) is 0.07 ≤ Ve ≤ 0.13 m s−1.
3.2. Debris Trail Photometry
To determine the surface brightness profile we rotated the image to align the trail with
the x-axis and interpolated the sky brightness determined from regions 4′′to 12′′ above and
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below the trail (Figure 2). Bumps in the profile result from imperfectly removed field stars
and galaxies.
We measured the color of the dust within a 5.4′′ long segment centered on the nucleus
having high surface brightness and being free from the contaminating effects of background
sources. We find B-R = 1.07±0.06 (Table 1), which is less red than the nucleus but consistent
with the color of the Sun. The difference in color between the nucleus and the dust is
significant. While the nearly neutral dust colors are broadly consistent with a C-type asteroid
spectrum, the nucleus more closely resembles a redder, possibly S-type asteroid. Indeed, S-
types are common in the inner regions of the asteroid belt, so that the reddish nucleus
color is not surprising. The red colors can be produced by a high abundance of nano-phase
iron particles from space weathering at the surface, as observed on asteroid (25143) Itokawa
(Noguchi et al. 2011). Hence it is possible that fresh debris from an S-type asteroid might
be less red than the parent body as a result of the absence of space weathering on previously
buried material, as noted by Kim et al. (2012). Our data are compatible with this conjecture,
although it is perhaps surprising that fallback debris has not coated the surface with fresh
(neutral) material.
Integrated R-filter photometry was obtained from the whole visible region of the trail, in
a rectangular box 8′′×288′′ (Table 1). Using Equation (2) and the same (pR = 0.15) albedo
as the nucleus, the trail brightness corresponds to a scattering cross-section Ce = 4.9 km
2 in
dust.
3.3. Dust Dynamical Models
We computed models to follow the motion of spherical particles (density ρ = 3000 kg
m−3) under the action of solar gravity and radiation pressure. In these models, the ratio of
the radiation pressure acceleration to gravitational acceleration is β = 0.2 a−1µ , where aµ is
the particle radius in microns. A given position along the trail can be reached by different
combinations of dust ejection velocity and β, such that we can determine a relation between
these parameters at a given nucleus distance. To study this relation, we did not take into
account the velocity component perpendicular to the orbital plane of the nucleus, which
merely influences the width of the trail.
We calculated the positions of 4×106 test particles ejected on UT 2009 March 02 parallel
to the orbital plane of the nucleus and having 0 ≤ β ≤ 10−5 in steps of 10−7. The velocities
range from -1 m s−1 to +1 m s−1 in steps of 0.01 m s−1, independently in both vx and vy,
where vy is parallel to the orbital motion of the nucleus at the time of ejection, and vx is
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perpendicular to it, pointing away from the Sun. For any given distance from the nucleus x,
we find a linear relationship between vy and β, while there is no significant correlation with
vx. We also find a linear relation between the nucleus distance and vy(β = 0):
β(vy, x) = c1vy − c2x, (3)
where vy is in m s
−1, and x is the distance from the nucleus in RA in arcsec (positive x
corresponding to location east of the nucleus). The numerical values of the constants are
c1 = −7.5× 10−5 and c2 = 2.2× 10−7.
By Equation (3), material projected to the east of the nucleus (leading the nucleus in
its orbital motion) must have been ejected opposite to the direction of motion of the nucleus.
Material west of the nucleus could have been ejected in either direction, depending on its
β-parameter.
From the extrapolated eastern extension of the nucleus (x = 50′′ ± 10′′, cf. Fig. 2),
we find that particles must have been ejected with v ≤ −0.15 ± 0.03 m s−1. The smallest
particles to the east of the nucleus are those pushed back to x = 0 by radiation pressure.
By Equation (3) these have β = 1.1×10−5 for v = −0.15 m s−1, corresponding to a = 1.8
cm. We infer that sub-centimeter particles have been entirely swept from the east arm of
the trail.
At the western edge of the field of view (x = -250′′), we find for vy = −0.15 m s−1
particles having β = 7× 10−5 (radius 3 mm). Effectively, exposure to the Sun over one orbit
period has acted as a filter to remove smaller particles from the dust size distribution.
We used a 3D numerical model to confirm and amplify these results, again assuming
isotropic ejection on 2009 March 2. The model assumes that the dust particle radii are
distributed as a power law, dN(a) = Γa−qda, where dN(a) is the number of particles having
radii in the range a to a+ da, and Γ and q are constants. We used the model to explore the
allowable values of the minimum and maximum particle radii, amin and amax, respectively,
the ejection speed, v, and q.
The model (Figure 3) shows that the slope of the surface brightness profile west of the
nucleus is primarily a function of q, with acceptable fits requiring q = 3.5±0.1. Earlier
determinations include q = 3.3±0.2 (Jewitt et al. 2010), q = 3.4±0.3 (Moreno et al. 2010), q
= 3.5 (no uncertainty quoted: Snodgrass et al. 2010), q = 3.44±0.08 (Hainaut et al. 2012),
all of which are consistent with the value determined here. For comparison, ejecta from
the impact of the Deep Impact spacecraft into the nucleus of comet P/Tempel 1 had q =
3.1±0.3, but q is only well-determined for particles with a < 20 µm (Jorda et al. 2007).
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The shape and extent of the profile east of the nucleus are controlled mainly by the
largest particles and their ejection speed. With q = 3.5, we find a best fit with βmin =
1×10−6 (amax = 0.2 m) and v = 0.15 m s−1. Uncertainties on these values are approximately
a factor of two, within the context of the model.
The “X”-shaped structure observed in HST data from 2010 is not seen in our Keck im-
ages. Grain motions perpendicular to the orbital plane are unaffected by radiation pressure,
causing the vertical extent of the “X” to vary sinusoidally with time. Based on the HST
data, we expect that the cross in Figure (1) had a vertical extent of 0.9 arcsec, which is below
our seeing limit.
3.4. Mass
With the above parameters, we find that the cross-section weighted mean particle size
is a = (aminamax)
1/2 ∼ 0.02 m. For uniform spheres, the mass, Md, and the effective cross-
section, Ce, are related by
Md = (4/3)ρaCe, (4)
where ρ is the density of the grains. Substituting Ce = 4.9 km
2, we obtain Md = 4×108 kg
for the mass in particles with 3 mm ≤ a ≤ 0.2 m in the Keck field of view.
We next estimated a correction for the fraction of the trail missing from the Keck field
of view, in two ways. First, we fitted a smooth function to the linearized surface brightness
profile (Figure 2) and extrapolated the function until the surface brightness reached zero at
either end of the trail. We found that ∼12% of the scattering cross-section fell outside the
Keck field of view. Including this correction and integrating over the size distribution from 1
µm to 0.2 m gives an estimated total mass 5×108 kg, with an uncertainty of at least a factor
of two. Second, we integrated the fitted 3D model over the size distribution and beyond
the limits of the CCD field of view, finding a total mass (5 to 6)×108 kg. If the maximum
particle radius is >0.2 m, then the total mass would be larger still (in proportion to a
1/2
max).
Dust masses ((0.6 to 6)×108 kg by Jewitt et al. 2010, 8×108 kg by Hainaut et al. 2012) were
inferred from photometry obtained in 2010.
The fate of the particles in Figure (1) is to be collisionally shattered (collisional lifetime
of centimeter-sized grains is ≤104 yr (Grun et al. 1985)), contributing debris to the Zodiacal
complex. Events like P/2010 A2 are thought to occur perhaps twice per year, although
only ∼6% are detected by current surveys (Jewitt et al. 2011). The resulting average mass
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production rate is ∼30 kg s−1. For comparison, estimates of the dust production rate needed
to maintain the Zodiacal cloud in steady-state range from ∼103 kg s−1 (Leinert et al. 1983)
to 104 or even 105 kg s−1 (Nesvorny et al. 2011). We conclude that <3% of the Zodiacal dust
production rate is from events like P/2010 A2, and that Zodiacal dust production must be
dominated by another source.
The ratio of the debris mass to the nucleus mass (which is independent of the assumed
albedo provided the nucleus and dust have the same albedo) is Md
Mn
∼ 0.1. The uncertainty
on this ratio is at least a factor of two, resulting from assumptions about the shape of the
nucleus, the density, and the upper limit to the size of the ejected boulders. Evidently, the
mass in the trail is a substantial fraction of the mass in the nucleus.
Interpreted as an impact, we can relate the ejecta mass to the projectile mass as follows.
At an assumed impact speed ∆V = 5×103 m s−1 and with escape velocity Ve ∼ 0.1 m s−1,
the ratio of ejecta mass to projectile mass is f = Md/mp ∼ 104 (Housen and Holsapple
2011). If the projectile and the nucleus of P/2010 A2 are of equal density, then substitution
into Equation (4) gives the projectile radius
rp =
(
aCe
pif
)1/3
. (5)
Equation (5) gives rp = 1.5 m, and a specific energy E/Mn = (1/2)(rp/rn)
3∆V 2 ∼
102 J kg−1, comparable to the value needed for catastrophic disruption (Jutzi et al. 2010).
Simulations of catastrophically disrupted sub-kilometer sized bodies yield fragments with
differential size distribution indices -3.2 ≤ q ≤ -3.7 and median ejection speeds ∼0.1 m
s−1 (Jutzi et al. 2010), both similar to values measured in P/2010 A2 . We conclude that
the data are consistent with P/2010 A2 being caused by an impact close to the disruption
threshold.
Separately, the properties of P/2010 A2 remain consistent with those expected of a ro-
tationally disrupted body (as noted in Jewitt et al. 2010), as far as these are known (Marzari
et al. 2011, Jacobsen and Scheeres 2011). The ejecta/nucleus mass ratio, Md/Mn ∼ 0.1, the
impulsive nature of the mass loss and the very low velocity of the debris all fit qualitatively
with expectations from rotational break-up. The rotation of the nucleus offers a possible
observational discriminant between the impact and rotational mass-shedding hypotheses,
with rotational disruption requiring rapid spin. Unfortunately, an attempt to detect the ro-
tational lightcurve in the nucleus from Keck data, albeit from a very short (∼1 hr) data-arc,
was unsuccessful owing to the extreme faintness of this body.
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4. Summary
From new observations of active asteroid P/2010 A2 we find that
1. The nucleus has absolute magnitude HR = 21.41±0.03 and is redder than the sur-
rounding dust (B-R = 1.36±0.04 vs. B-R = 1.07±0.06). These measurements sug-
gest the excavation of unreddened (C-type) material from beneath the surface of a
space-weathered (S-type) asteroid of radius rn = 78(0.15/pR)
1/2 m, where pR is the
unmeasured red geometric albedo.
2. Large dust particles (radii 3 mm ≤ a ≤ 20 cm, differential size distribution index q =
3.5, effective mean radius near 2 cm) persist near the nucleus a full orbit after their
impulsive release in 2009. The sum of the scattering cross-sections of the dust is ∼5
km2, corresponding to mass ∼5×108 kg, or about 10% of the mass of the surviving
nucleus.
3. Events comparable to P/2010 A2 contribute .3% to the source of dust for the Zodiacal
cloud complex.
4. The known properties of P/2010 A2 do not allow us to distinguish between impact and
rotational disruption origins.
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Table 1. Photometry
Feature Filter Region [′′]a Size [103 km] b mR [deg]c H d C[km2] e
Nucleus R Circle 1.0 0.88 radius 23.88±0.03 21.41±0.03 0.019±0.009
Nucleus B Circle 1.0 0.88 radius 25.24±0.02 22.77±0.02 0.013±0.006
Trail R Box 5.4×5.4 4.74×4.74 22.93±0.04 20.46±0.04 0.044±0.002
Trail B Box 5.4×5.4 4.74×4.74 24.00±0.04 21.53±0.04 0.041±0.001
Trailf R Box 8×288 7.03×253 17.8 15.3 4.9
aAngular dimensions of the region measured, in arcsec, with the long axis parallel to the
trail
bCorresponding linear dimensions of the region measured, in 103 km
cMeasured apparent magnitude
dAbsolute magnitude computed from Equation (1)
eEquivalent scattering cross-section from Equation (2), in km2
fUncertainties in this large aperture measurement are dominated by systematics from the
sky background subtraction
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Fig. 1.— Keck image of P/2010 A2 taken on UT 2012 October 14, computed from the
median of nine, non-sidereally tracked R-filter images each of 600 s duration. The cardinal
directions are marked, as are the direction to the Sun () and the projected heliocentric
velocity vector (V ). The nucleus is marked “n” on the trail towards the North-East. The
stippled background is due to imperfectly removed field galaxies.
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Fig. 2.— The R-band surface brightness measured along the axis of the trail and averaged
over a region 8.1′′ perpendicular to the trail. Distances are measured relative to the point-like
nucleus “n”, with positive distances being East. The red line shows a smooth function fitted
to the data to guide the eye. The B-band surface brightness profile is indistinguishable
within the measurement uncertainties. Bumps on the profile are background subtraction
errors.
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Fig. 3.— Same as Figure 2 with sample models over-plotted.
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Fig. 4.— Model of the dust trail with q = 3.5, amin = 3 mm and amax = 20 cm, smoothed
to match the 1′′ FWHM of the data.
